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A double-stranded DNA (dsDNA) is modeled by two coupled one-dimensional Kitaev’s chain and
the topological superconductivity is studied. It is shown that the zero energy mode exists under
some specific conditions. The wave function of zero mode is calculated and it is shown that the
Majorana quasi-particles exist on the ends of each strand. By calculating the winding number, we
show that the topological phase transition can happen if the hopping integral between two strands
is very smaller than the pairing potential between the Cooper pairs. It means that the dsDNA
behaves as a trivial superconductor, commonly, but single-stranded DNA (or two coupled ssDNA
with very small hopping between them) may behave as a non-trivial superconductor. Finally, we
suggest an experimental setup for probable detection of Majorana quasi-particle in DNA.
Keywords: Phase Transition, Kitaev’s model, DNA, Topological Superconductivity
Certain materials can conduct electric current with-
out any loss, which are called superconductors. It means
that, If we consider a superconducting loop with initial
current I0 at time t0, and the magnetic field surrounding
the loop is measured to be same after a time t1, say one
year later, it appears to mean that the I (t1) = I (t0) = I0
[1].By decreasing the temperature of the superconductive
materials below a critical temperature, Tc, the current
carriers are paired. The paired carriers, called Cooper
pairs, move inside the superconductors with no resis-
tance, and in consequence, the superconductivity phe-
nomenon is seen in these materials [1]. In a spinless
p-wave superconductor and in strong pairing regime, a
molecule-like Cooper pairs form from two fermions bound
in the real space, whereas in the weak paring regime
the Cooper pair size is infinite [2]. The probable phase
transition between strong and weak regimes is the main
subject of the topological superconductivity (TSC) field
[2, 3]. The topological materials are classified into ten
symmetry classes called Altland-Zirnbauer (AZ) symme-
try classes [3, 4]. Of course, the ten symmetry classes
can be simplified as an eightfold periodic classification
[3]. It should be noted that the weak and strong regimes
are always separated by a quantum phase transition if
the symmetry conditions are strictly enforced [3].This im-
plies that if these two regimes are in spatial proximity,
there should be a gapless state (called Majorana bound
state (MBS)) localized at the boundary between the two
phases. The presence of such gapless boundary states
is the main feature of TSC and can be considered as a
definition for these kind of materials [3].
The requirements for making the Majorana fermions
are so generic: Take a superconductor, remove degener-
acy by breaking spin-rotation and time-reversal symme-
tries, then close and reopen the excitation gap [5]. The
main pathways for creating the MBS are [5]: Shockley
mechanism [6], Topological insulators [7], Semiconductor
heterostructures [8], and chiral p-wave superconductors
[6, 9–11]. Many theoretical and experimental works have
been done for studying the Majorana creation and detec-
tion, before in Refs. [12–24].
It is shown that the Deoxyribonucleic acid (DNA) could
be an insulator in room temperature, a semiconductor
with a wide band gap in all temperatures, a resistance
in room temperature, a metal in low temperature and
a superconductor at T < 1K [25]. For studying the
proximity-induced superconductivity in DNA, a rhenium
carbon (Re/C) electrode was deposited on a mica sub-
strate by sputtering method. Then, the λDNA molecule
was deposited on the Re/C electrode and the temper-
ature was set to < 1K in Ref. [26]. For explaining
the observed superconductivity effect in DNA, Ren et al.
showed that the hopping integral between bases changes
due to the temperature fluctuation of twist angle be-
tween them and consequently, the electric conductivity
increases [27]. We have used the Bogoliubov-de-Gennes
(BdG) equation and shown that the pairing potential is
equal to 0.76µeV [28], and the perfect spin-polarization
can happen in dsDNA [29].
In this letter, a double-stranded DNA (dsDNA) is mod-
eled by two coupled one-dimensional Kitaev’s chain[30],
and the topological superconductivity is studied. The
eigenfunctions and eigenvalues are calculated, and it is
shown that the zero energy mode exists under some spe-
cific conditions. The wave function of zero mode is calcu-
lated in coordinate-space, and it is shown that the MBS
exist on the ends of each strand. We will show that the
topological phase transition can happen if the hopping
integral between two strands is very smaller than the
pairing potential between the Cooper pairs in dsDNA.
It means that the dsDNA behaves as a trivial supercon-
ductor, commonly (as it has been seen, before in Ref.
[26]). However, single-stranded DNA (or two coupled ss-
DNA without hopping between them) may behave as a
non-trivial superconductor. Finally, we suggest an ex-
perimental set up for probable detection of Majorana in
DNA.
The ladder model was introduced for studying the
2charge transport in DNA in Ref. [31]. In this model,
the electrons hope between Adenine and Thymine, with
hopping integral t1, on the first strand, and they also
hope between Guanine and Cytosine, with hopping in-
tegral t2, on the second strand. The hopping between
two strands is possible, too [29, 31–33]. Also, it was
shown that for a specific range of electron energies and
for t1 = t2 = t the perfect spin-polarization could be seen
due to the spin-orbit coupling (SOC) effect in dsDNA in
Ref. [29]. Therefore, by mixing the ladder model and
Kitaev’s model, we can write the Hamiltonian of the ds-
DNA in momentum-space as:
H =
(
ǫkσz + ∆˜σy
)
Iτ + λIστx, (1)
where ǫk = −tcosk − µ and ∆˜ = −∆sink [2, 30]. In
fact, Eq. (1) is Fourier transform of a ladder model (on
each strand) which is mixed with Cooper pairing mecha-
nism. Here, we assume that the lattice constant is equal
to one for simplicity. t is hopping integral between two
neighborhood sites on each strand, λ is hopping inte-
gral between two strands and µ is the chemical potential.
σi, i = x, y, z is general Pauli matrix and τi, i = x, y, z
is Pauli matrix in strand space. Iτ (Iσ) is unit matrix in
strand (general) space. By simple calculations, it can be
shown that the eigenvalues are:
Ei = (−1)
n
λ+ (−1)
m
√
ǫk2 + ∆˜2, i = 1, 2, 3, 4, (2)
where n = 2(1) for i = 1, 2 (3, 4) and m = 2(1) for
i = 1, 4 (2, 3) .
By using the equation ψ = Eψ, we can find the eigen-
functions which are
ψi =

 ǫk + (−1)i+1
√
ǫk2 + ∆˜2
−i∆˜
, 1,
ǫk + (−1)
i+1
√
ǫk2 + ∆˜2
−i∆˜
, 1


T
, (3)
for i = 1, 2 and E = Ei and
ψi =

−ǫk + (−1)i
√
ǫk2 + ∆˜2
−i∆˜
, −1,
ǫk + (−1)
i+1
√
ǫk2 + ∆˜2
−i∆˜
, 1


T
, (4)
for i = 3,4 and E = Ei . However for small ∆˜ (means
large µ) the energy eigenvalues are equal to
Ei = (−1)
n
λ+ (−1)
m
ǫk, i = 1, 2, 3, 4. (5)
Now, the Fermi level is set by ǫk = µ = 0 (µ = 0 means
half filling) [34]. This gives the two Fermi points kF =
±π/2 . If k = kF then Ei = (−1)
n
λ+(−1)
m+1
µ and the
energy gap, ∆E 6= 0. By increasing ∆˜ (means decreas-
ing µ), if k = kF , then Ei = (−1)
n
λ+ (−1)
m
√
µ2 +∆2.
Now for λ = ±
√
µ2 +∆2 the gap is closed (∆E = 0).
Now, if ∆˜ increases more (means µ decrease more) the
gap ∆E 6= 0 and increases (see Fig. 1). Therefore, if we
want to have a phase transition from low pairing situa-
tion (i.e., small ∆˜) to high pairing situation (i.e., large
∆˜) the gap closure should happen. It means that we
encounter a topological phase transition which can be
tuned by adjusting the chemical potential µ through a
gate voltage (as an example). A question can be asked:
what about the behavior of wavefunction when the en-
ergy gap is closed?
We can expand cosk and sink around Fermi points and
write the Eq. (1) as below
H = (−it∂xσz +∆(x)σy) Iτ + λIστx, (6)
where k = −i∂x. The wave function can be written as
ψ = (φ1 (x) , φ2 (x) , φ3 (x) , φ4 (x))
T
. If φ1 = φ2 = ϕ1
and φ3 = φ4 = ϕ2 (see Eqs. (3) and (4)) and we define
F = ϕ1ϕ2, it can be easily shown that for zero energy
case E = 0:
∂xF +
(
∆(x)
t
)
F = 0. (7)
Therefore,
F (x) = F (0) e
−
∫ ∆(x)
t
dx
. (8)
Now if ∆(x) varies slowly in space as: ∆ (x) =
∆0tanh (x/ξ), where ξ is a large length scale characteriz-
ing the slowly varying gap function (ξ ≫ lattice constant)
3FIG. 1: (Color online) General Schematic of energy
gap variations via pairing potential.
[34] then
F = ϕ1ϕ2 = F (0)
(
cosh(
x
ξ
)
)−∆0ξ/t
. (9)
Now since ϕ2 = F/ϕ1, it can be shown that
t∂x
(
ϕ1
2
)
+ iλϕ1
2 = ∆F. (10)
Therefore,
ϕ1
2 = e−iλx/t
∫
−∆F (x)
t
eiλx/t dx, (11)
and
ϕ2
2 = eiλx/t
∫
−∆F (x)
t
e−iλx/t dx. (12)
Thus, there are the zero energy Fermion states. For
x→ ±∞ and λ→ 0 (although −1 ≤ e±iλx/t ≤ +1) then∫ −∆F (x)
t e
±iλx/t dx→
∫ −∆F (x)
t dx . Now, by using Eq.
(9) we find∫
−∆F (x)
t
dx = −(cosh (x/ξ))
−∆0ξ
t → e−|x|/α, (13)
where, α = t/∆0. Therefore, the zero energy Fermion
states are localized at the ends of each strand. However,
the condition λ → 0 means that we have two parallel
ssDNA. As a consequence, the ssDNA (or two coupled
ssDNA with very small hopping between them) may be-
have as a topological superconductor and the zero en-
ergy Fermion states are localized at its ends. In next, we
will also see that the condition λ → 0 causes the non-
vanishing winding number.
Of course, for ∆˜ = ∆0 =cte, it can be shown that ϕ1 =√
−∆0
iλ−2∆0
e
−∆0|x|
2t and ϕ2 =
√
∆0
iλ+2∆0
e
−∆0|x|
2t . Since they
decay exponentially as x→ ±∞ the zero energy Fermion
states are localized at the end of each strand of dsDNA,
again.
For calculating the winding number, we can use the below
formula [21]
v =
1
4π
∫ k2
k1
dk T r
(
CH−1∂kH
)
, (14)
where C is particle-hole symmetry operator. By using
Eq. (1), it can be shown that
H−1 = (aσz + bσy) Iτ + cIστx, (15)
where a = ǫk/
(
ǫk
2 + ∆˜2 − λ2
)
, b =
∆˜/
(
ǫk
2 + ∆˜2 − λ2
)
, and c = −λ/
(
ǫk
2 + ∆˜2 − λ2
)
.
Since C = σxIτ then
Tr
(
CH−1∂kH
)
= 4
(
b∂kǫk − a∂k∆˜
)
, (16)
or
Tr
(
CH−1H
)
=
4(
ǫk2 + ∆˜2 − λ2
) (∆˜∂kǫk − ǫk∂k∆˜) .
(17)
If we use polar coordinates and define cosθ = ǫk√
(ǫk2+∆˜2)
and sinθ = ∆˜√
(ǫk2+∆˜2)
then
dθ =
1(
ǫk2 + ∆˜2
) (ǫk∂k∆˜− ∆˜∂kǫk) dk. (18)
Therefore
v =
1
4π
∫ k2
k1
dkT r
(
CH−1H
)
=
1
π
∫ θ2
θ1
{dθ
(
ǫk
2 + ∆˜2
)
(
ǫk2 + ∆˜2 − λ2
)}
(19)
Now if ∆˜2 ≫ λ2 (or λ → 0), then v = 2
∫ θ2
θ1
dθ
2π where∫ θ2
θ1
dθ
2π is winding number of a single strand (i.e., a Ki-
taev’s chain). It means when pairing potential is very
greater than the hopping integral between two strands,
each ssDNA behaves as a non-trivial superconductor. It
should be noted that for ∆˜ = λ, it can be shown that
v = (tanθ)θ2θ1 . Thus, as one sweep k from zero to π, θ1 is
equal to zero and θ2 = 0 or π. However, for θ1 both val-
ues of θ2, the winding number will be equal to zero, and
as a consequence, dsDNA is a trivial superconductor.
The Kitaev’s model is spinless [30]. Therefore, one
question can be asked: how is the assumed dsDNA model
spinless? It was shown that the spin splitting happens in
dsDNA when the SOC term is added to the Hamiltonian
in Refs. [32, 33]. We have shown that the perfect spin
polarization can be seen in dsDNA for a range of hop-
ping integral on each strand and electron energy (using
BdG equation) [29]. In addition, it has been shown that
the spin-singlet Cooper pairing cannot induce proximity
superconductivity in a perfect spin-polarized system, but
4the p-wave pairing is nonzero only due to the SOC and
weakness as the Zeeman field increases and the spins be-
come increasingly polarized [35]. This implies that the
SOC quantum wire realizes a topological superconduc-
tivity phase in the limit of strong Zeeman field [35]. By
using first-order perturbation theory, it has been shown
that the SOC term only modifies pairing potential as
∆ → λso∆B in BdG equation where λso and B are SOC
and magnetic field strength, respectively [35]. Therefore,
we should add SOC and magnetic field to Eq. (1) for find-
ing the perfect spin polarization in dsDNA [29, 32, 33].
However, instead of doing that, we can only change the
pairing potential in the above calculations [35] and choose
a suitable set of parameters in Eq. (1) by using the re-
sults of Ref. 29.
Finally, we try to introduce an experimental setup for
detecting the zero energy modes (i.e., MBS) as follows.
Gohler et al., have measured the spin polarization in a
self-assembled monolayer of dsDNA [36]. They have de-
posited four different lengths of dsDNA on a clean gold
substrate. The photoelectrons were ejected by an ultra-
violet laser pulse, and the kinetic energy distribution of
electrons and spin analysis were found by using an elec-
tron time-of-flight instrument and a Mott-type electron
polarimeter, respectively [36]. Devillard et al., have used
a superconductivity tunnel microscope for finding the fin-
gerprints of Majorana fermions in topological nanowires
(TN) [23]. The superconductor tip (SCT) is connected
to a spin filter (T-junction connected to two polarized
quantum dots) for studying the spin current correlations
between SCT and the TN. Using a properly oriented spin
filter, the spin current correlations are always negative for
an MBS [23]. Kasumov et al. have deposited DNA on
Re/C substrate and observed the proximity-induced su-
perconductivity effect in DNA [26]. Based on these done
experimental works, we can imagine a setup including a
suitable substrate such that some type I superconduc-
tors (TISC) (e.g Re/C) are deposited on its surface by
the sputtering method (see Fig. 2). Then, we should de-
posit a monolayer of dsDNA on the Re/C electrodes and
find the suitable conditions for finding perfect spin polar-
ization i.e., we should find a suitable TISC and a suitable
set of experimental parameters. Now we can decrease the
temperature below the critical temperature of the TISC
and adjust the normal metal tip of a tunneling micro-
scope at the ends of the strands of DNA. By measuring
the zero bias conductance we may find the MBS. We
hope our suggested setup and obtained results can mo-
tivate experimentalists for searching Majorana fermions
in DNA.
In parallel with other attempts for finding Majorana
fermions using parallel nanowires [37], based on the pub-
lished experimental results about proximity-induced su-
perconductivity [26] and spin-polarization in DNA [36],
and existing measuring methods for finding the effect of
Majorana bound states on zero bias conductance [23],
FIG. 2: (Color online) General schematic of an
experimental setup for detecting Majorana
quasi-particle in DNA.
we have mixed the ladder and Kitaev’s model and shown
that the dsDNA is commonly a trivial superconductor
but two attached ssDNA (i.e., dsDNA with very small
hopping between two strands) or a ssDNA can be a non-
trivial superconductor. Moreover, we have proposed an
experimental setup generally for checking the explained
theory in the letter. We hope that the results can moti-
vate experimentalists for testing the probable topological
superconductivity in DNA.
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